Recently, effective Atmospheric-Angular-Momentum (AAM) functions as calculated from NCEP (formerly NMC) and NCAR Reanalyses have become available from 1968 to 1997. Concerning the wind terms, the top level in the atmosphere used here is 10 hPa. Compared with earlier NMC model versions, which incorporate wind fields up to 100 hPa since 1976 and up to 50 hPa since 1981, the reanalyses have produced improved data series over a longer period than before. The axial AAM component ¢ ¡ is associated with changes in Length-Of-Day (LOD). Motivated by better quality and continuity of the series AAM (NCEP) Reanalysis, the problem of the seasonal imbalances in the solid Earth-atmosphere axial angular momentum budget is re-examined. To assess better the estimates of the annual and semiannual oscillations in LOD and AAM and of the residual oscillations derived as difference series between LOD and AAM, the series of LOD data from three analysis centers (IERS, GFZ, JPL) and of AAM data in terms of £ ¡ (W), ¤ ¡ (P) and ¡ (P+IB) from four meteorological centers (NCEP, JMA, ECMWF and UKMO) are used in this study. The main analysis steps were removing gaps, filtering out the seasonal oscillations, calculating optimal estimates of the parameters of the oscillations and calculating the difference series between the LOD and AAM systems as well as the residuals in the axial angular momentum budget in the LOD-AAM systems. The results derived as difference series between the different LOD, AAM and LOD-AAM systems show to which extent the variations reflect systematic differences and significant signals, respectively, which is important for future activities in this field.
Introduction and objective
The Earth's rotation is a unique global measure of changes within the atmosphere, hydrosphere, cryosphere and interior of the Earth. Assuming the total angular momentum of the Earth as a whole to be conserved, i. e., ignoring external torques, mass movements excite variations of Earth rotation and polar motion. Recently, these Earth Orientation Parameters (EOP) have been measured by high-precision space geodetic techniques, such as Very Long Baseline Interferometry (VLBI), Satellite Laser Ranging (SLR), Lunar Laser Ranging (LLR), and, most recently, Global Positioning System (GPS). Since the Earth rotation variations provide fundamental information about the geophysical processes that occur in all components of the Earth, their study is a problem of great importance for understanding the dynamic interactions between the solid Earth, atmosphere, ocean and other geophysical fluids.
Changes in the angular momentum of a component of the Earth result from redistributions of its mass and from changes in the strength of the motion fields called as mass terms and motion terms, respectively. It is the atmosphere that plays the dominant role in exchanging angular momentum with the solid Earth on time scales of a few years (interannual) and less. Operationally, effective Atmospheric-Angular-Momentum (AAM) functions developed by Barnes et al. (1983) related to Earth rotation are applied to the numerical calculations of the AAM time series by the world's major meteorological centers. Concerning the two origins of the atmospheric excitation of variations in the rotation of the Earth, the motion or wind term dominates the axial component that is related to changes in the Length-Of-Day (LOD) and the mass or pressure terms dominate the equatorial components that are related to the excitation of polar motion (PM). Since the early 1980s, operational AAM time series have been computed by the U. S. National Meteorological Center (NMC). The weather centers in Japan and Europe have started with such calculations some years later. Concerning the data homogeneity, Sept. 28, 1976 ... Feb. 8, 1997 In contrast to excited polar motion, the transfer of the excitation to LOD is frequency-independent and linear. Therefore, a periodic excitation causes a corresponding periodic LOD change; see, e. g., Munk and MacDonald (1960); Höpfner (1995) . Concerning the effective AAM functions as described by Barnes et al. (1983) , the equatorial components 1 0 and 3 2 are related to the excitation to PM, and the axial component 4 ¡ is related to changes in LOD. Each component can be separated into wind and pressure terms. The wind terms give reckoning of changes in the atmosphere's momentum that result from changes in the strength of the motion field, and the pressure terms account for changes in the atmosphere's momentum that are due to changes in its moment of inertia resulting from redistributions of atmospheric mass over the globe.
As noted above, the present study is restricted to the solid Earth-atmosphere axial angular momentum budget at seasonal time scales. Therefore, we are only concerned with the Assuming that the solid Earth and the atmosphere form a closed dynamical system, then changes in AAM about the polar axis relative to an Earth-fixed frame must be reflected by compensating changes in the Earth's axial angular momentum. We thus have ¦ § © 6 5 8 7 @ 9 A 3 ¡ C B
where
is the atmospheric contribution to LOD inferred from AAM. Unlike to the LOD data expressed in seconds of time (s), the units of the AAM data are non-dimensional. By inverting their signs and multiplying them with the scale factor of 8.64 x for Orbit Determination in Europe), NRCan (Natural Resources Canada, formerly Energy, Mines and Resources Canada, abbr. EMR), JPL and GFZ were first combined before the compilation of EOP (IERS). This combination is made by a weighted average of the various series, where the weighting reflects the qualities of the series as well as the long-term and short-term stability. Taking advantage of different long, recently re-analysed individual series of the analysis centers, the time series was also re-computed for the period since 1983. For additional information, see, e. g., the IERS Annual Report of 1996 (IERS 1997).
(b) ERP (GFZ) L04 and ERP (GFZ) 97P01 Both series are individual solutions computed by the GFZ.
ERP (GFZ) L04:
This independent GFZ series has been computed using global SLR data to Lageos; see Montag et al. (1993 Montag et al. ( , 1994 . Oscillations due to zonal tides with periods up to 35 days are removed from the LOD data, but the tidal effects Sa and Ssa are still contributing to the seasonal oscillations of LOD. Estimated according to IERS 1992 Standards (McCarthy 1992 , the series is referred to the old reference system. Their values have gaps between one and seven days and are given since June 1991 till August 1993, namely with MJD from 48425 to 49209, at roughly one-day intervals. As in Höpfner (1996) , we have applied linear interpolation to fill short gaps and to produce even-interval data.
ERP (GFZ) 97P01:
This independent GFZ series has been computed using the global GPS data; see Gendt et al. (1997) .
Since the values are modelled according to IERS 1996 Standards, the series is expressed in the new reference system 1997; see Gambis and Eisop 1997. Note that the data of ERP (GFZ) L04 are computed at 0 h UTC, but those of ERP (GFZ) 97P01 at 6 h UTC (UTCUniversal Time Coordinated). The LOD series calculated from SLR analysis has to be resampled using linear interpolation to conform to 6 h UTC daily sampling in order to concatenate it with that calculated from GPS analysis; details are given in Section 4.
(c) EOP (JPL) 97C01
This series is the JPL combined solution that is based on LLR, SLR and VLBI series, GPS series were introduced mid-1992. Here, a Kalman filter has been used to combine the independent measurements of the Earth's orientation. Before their combination, corrections for the bias, rate, stated uncertainties and other effects are applied to the independent series to make them consistent with each other. In addition, contributions from the solid tides according to Yoder et al. (1981) with long period ocean corrections (Dickman 1993 ) are removed; for this reduction, LOD computed by JPL is designated by ¦ ¤ § © D Q S R U T in this and the following sections. Since the beginning of the series, it is referred in bias to the IERS 1996 solutions, i. e., it is consistent with the new reference system 1997. For generating previous such combinations, see, e.g., Gross (1996) .
A summary of the uncertainty of one daily LOD value for the different series is given in Table 2 . It shows how the uncertainty improves by replacing the classical method for measuring LOD changes by space-geodetic techniques over the periods. Similar to the combined EOP series derived by IERS, the combination of JPL is carried out. At the beginning of the combination of the independent solutions, the quality of the JPL series is better. Obviously, the reason for this is that only measurements taken by the space-geodetic techniques are used. Both LOD series obtained by GFZ show remarkably small formal uncertainties. Concerning the LOD series derived from observing systems of satellite geodetic techniques like SLR and GPS, it should be mentioned that the integrated series of LOD called Universal Time (UT) is corrupted by the correlation with the longitude of the orbit node. Therefore, UT can be accurately derived only from inertial methods like LLR and VLBI; again, see the 1996 IERS Annual Report (IERS 1997) .
The time series of LOD are shown in Figure 1 . We can see the LOD variation of the IERS at the top, that of the GFZ at the centre and that of the JPL at the bottom of the figure. Also shown are the trends obtained by low-pass filtering of 
, especially of JPL, means that the variation of LOD is reduced, i. e., the tidal effects are removed the original data. This large, decadal-scale signal is thought to be caused primarily by core-mantle boundary processes with climatic variations contributing a currently unknown amount to the observed total decadal-scale LOD variation; for the long-term drift in LOD data, also see in Section 1, and compare with Figure 2 (see, e. g., Jochmann and Greiner-Mai 1996) . For information about the filtering of the time series, see in Section 4.1.
AAM series
Four meteorological centers that participate in the Sub-bureau for Atmospheric Angular Momentum provide the AAM data used in this study. These are the U. S. National Centers for Environmental Prediction (NCEP), formerly National Meteorological Center (NMC), the Japan Meteorological Agency (JMA), the European Centre for Medium-Range Weather Forecasts (ECMWF), and the U. K. Meteorological Office (UKMO). A summary of the characteristics of the various data sets is given in Table 3 . Also, the information concerning the NCEP Reanalysis is included. Some comments on the AAM data should be noted: For forecasting the weather, large quantities of meteorological data are assimilated into an atmospheric general circulation model (GCM). Here, several sources of error affect all meteorological estimates. These include various types of measurement error as well as limited geographic data coverage and finite atmospheric model thickness. Using a mathematical simulation of the general circulation of the atmosphere that is based on physical and numerical model approximations, a number of atmospheric parameters, such as wind, pressure, and temperature fields, are continuously updated in the model. By the early eighties, due to progress made in meteorological calculations, it was possible to get the total atmospheric angular momentum variations as a by-product of the global numerical atmospheric model used for operational weather forecasting every few hours or less. Nowadays, these AAM estimates are routinely available from four meteorological centers. Here, the global data assimilation systems implemented operationally at the centers vary.
For the formulas of the effective AAM functions, see Barnes et al. (1983) or Salstein et al. (1993) . In particular, the motion or wind terms of AAM are represented by volume integrals of winds. For their computation, there are different pressure levels over the depth of the atmosphere in the global circulation models. See Table 3 for the top levels of each participating center. On the other hand, the mass or pressure terms are represented by surface integrals of pressures. Because the IB response exists to a certain extent, calculations with the IB correction are performed in parallel to computing the regular pressure terms by some centers, namely by the NCEP (formerly NMC) and the JMA, whereas the ECMWF and the UKMO do not consider the IB effect.
To improve the weather forecasts, changes are often made to the GCMs and the algorithms. These lead to improved AAM values, but have also the undesired effect of sometimes causing sudden, step-like changes in the mean AAM value. Especially in the pressure terms, there are such step jumps due to changes in model orography. We know the following dates of NCEP model changes that affect surface pressure: August 18, 1976 (MJD 43008) , May 1, 1980 (MJD 44360), May 28, 1986 (MJD 46579), August 12, 1987 (MJD 47020) and March 6, 1991 ; see Rosen et al. (1990) and Höpfner (1997 Höpfner ( , 1998 .
There are also other developments and model modifications at the centers such as the adoption of a higher-resolution model. As reported by Salstein et al. (1993) and Kalnay et al. (1996) , the operational NCEP system is run at a finer resolution implemented on March 6, 1991 (MJD 48322) and again on January 10, 1995 (MJD 49727). The advances in the resolution and extension of the GCMs are evident from the following information: Since January 1981 (MJD 44605), the NCEP has produced the data sets of the atmospheric parameters at a horizontal resolution of q ( s r u t latitude by q ( s r C t longitude and 12 levels in the vertical from the surface to 50 hPa. This model was modified on March 6, 1991. According to Kalnay et al. (1996) , the global data assimilation system is run at a horizontal resolution of about 105 km and 28 vertical levels since January 1995 (MJD 49718 (Naito et al. 1987; Nastula and Manabe 1997) .
Note that the meteorological centers do not compute the uncertainties of the AAM time series. To assess the errors of AAM, there are a number of studies based on a comparison between the different series. For a brief review, see Höpfner (1997 Höpfner ( , 1998 . According to Naito and Kikuchi (1990) , the error in the wind term ¡ (W) in the JMA system is around 3%. Comparable to that is the error in the pressure term 4 ¡ (P), as assessed by Rosen et al. (1990) . To analyze the state of the atmosphere in a consistent way over long periods in supporting the needs of the research and climate monitoring communities, reanalysis projects are started at the meteorological centers. Especially, the reanalyses performed by the NCEP are made using a frozen state-of-the-art global data assimilation system at a truncation of 62 triangular waves, i. e. equivalent to a horizontal resolution of about 210 km, and 28 levels in the vertical up to near to 10 hPa level. In addition, they incorporate data that may have been omitted from original operational results. For details, see Kalnay et al. (1996) . From these NCEP reanalyses, AAM (NCEP) Reanalysis quantities have been computed for the period from January 1, 1968 to June 30, 1997, i. e. MJD from 39856.00 to 50629.75, at 6-hour intervals. Accordingly, a 29.5-year data series exists, which is longer than those produced before by the NCEP and the other meteorological centers. Compared with the operational time series of AAM, those calculated from reanalyses are homogeneous over the entire time span and qualitatively better. Therefore, they generally show improved agreement with Earth orientation time series. This suggests to use AAM reanalysis data in this study in order to quantify better the seasonal imbalances in the solid Earth-atmosphere axial angular momentum budget.
In case of the AAM data for this research, we are restricted to the 4 ¡ component with the terms
¤ ¡ (P) and . In Section 4, we discuss the data processing done in form of filtering the time series and calculating optimal estimates of the parameters of the seasonal oscillations.
Data processing
In a similar manner as reported in Höpfner (1997 Höpfner ( , 1998 , the time series of LOD and
are processed. The two steps are (1) separating the major components, in particular trend and seasonal oscillations, by filtering the time series; and (2) calculating optimal estimates of the parameters of the seasonal oscillations.
Filtering the time series
To separate the major components from the data, we applied zero-phase digital filters designed by Höpfner (1996) . There are a low-pass filter for isolating the long-term trend and two band-pass filters for isolating the seasonal oscillations. The Table 4 . For more details on the filters, see Höpfner (1996 Höpfner ( , 1997 . Using the low-pass filter, we first filtered out the trends from the LOD series. As known from Section 3.1., there are these series and their trends plotted in Figure 1 . For the time spans of the trends, see Table 5 . Then, by interpolating linearly the difference between the values at the end of the trend series in the L04 system and at the beginning of that in the 97P01 system and adding this difference as a correction to the LOD series in the L04 system, i. e. MJD from 48844.5 to 48992.5, we concatenated the two GFZ series of LOD. Here, therefore, the series in the L04 system was used from July 1, 1983 to January 5, 1993, i. e. MJD from 45516.5 to 48992.5 (compare with Table 1 ). Note that LOD computed by the GFZ stands for the total LOD series in this and the following sections.
In order to isolate the annual and semiannual oscillations in the LOD series, we applied the band-pass filters to the LOD data. For comparisons with the annual and semiannual oscillations of the
, the annual and semiannual LOD oscillations should be corrected for the tidal effects Sa and Ssa. As pointed out in Section 3.1., the LOD data in the IERS system include all oscillations due to zonal tides, whereas those in the JPL system do not. Therefore, only after removing the tidal contribution from the LOD (IERS) data by adopting IERS Conventions (1996) according to Yoder Dickman (1991) , the resulting IERS data that are analogous to those of the JPL were filtered. Using the original LOD (GFZ) data as input data, the tidal effects Sa and Ssa still contribute to the seasonal oscillations of LOD in the GFZ system, for which reason these periodic components have been removed. Directly, the JPL results obtained by filtering of the original data are the seasonal oscillations without the tidal effects Sa and Ssa. See again Table 5 , for the time spans of the periodic components filtered out. Also, note the time spans of the resulting GFZ series in the L04, a mixed and the 97P01 systems. Figure 3 shows the seasonal oscillations of the LOD variation in the IERS system. Here, the annual oscillation without the tidal effect Sa is plotted at the top and the semiannual oscillation without the tidal effect Ssa at the bottom. The same is shown in Figures 4 and 5, but for the seasonal oscillations of LOD in the GFZ and JPL systems, respectively. Especially in Figure 4 , the curves are plotted for their three system-dependent intervals in conformity with Table 5 . In the same manner as for the LOD data, the
series in the NCEP Reanalysis, JMA, ECMWF and UKMO systems, respectively, any of them including the wind term 4 ¡ (W), the pressure term ¡ (P) and, if calculated, the pressure IB term ¤ ¡ (P+IB) data, were low-pass and band-pass filtered. For the time spans of the resulting series of the trend and the seasonal oscillations, see Table 6 . Also given are the time intervals in the NMC system, including the model change on January 1, 1981 (MJD 44605) at the top level in the vertical of 100 hPa to 50 hPa, concerning the data analyzed by Höpfner (1997) . See again Section 3.2. Here, in Figure variations in the systems of NMC, JMA, ECMWF and UKMO, the seasonal oscillations are not shown here. But, those of the NMC and JMA systems can be found in Höpfner (1997) .
The following points should be noted: (1) The seasonal signals of LOD and
are quasi-periodic and vary with time (see Figures 3 to 6). To quantify their temporal changes, we should optimally estimate the three parameters amplitude, period and phase of the oscillations. components that are comparable with each other are very similar on the same, but relatively small scales. To make visible the small differences between them, we should compute the residuals as difference series. As discussed by Höpfner (1997) , the total seasonal signals of
, incorporating both wind and pressure terms, should better coincide with those of LOD corrected for the tidal effects Sa and Ssa.
Calculating optimal estimates of the parameters of the seasonal oscillations
The objective is to obtain an optimal estimate of the parameters of the seasonal oscillations filtered out from the different LOD and
series with time. This is achieved through a method described in Höpfner (1997) . In particular, the procedure for deriving amplitude, period and phase changes is based on the maximum, zero passage and minimum of a periodic function. For information about the steps necessary to calculate the amplitude, period and phase-angle time 
series including the standard deviations of the estimates, see the original paper (Höpfner 1997) . The mathematical expression used for representing the oscillations has the form c '
, where c is the amplitude, r the phase and T the period. Using the procedure developed for deriving amplitude, period and phase changes, the seasonal oscillations of the LOD data in the IERS, GFZ and JPL systems were processed. In Figure 7 , the results obtained for the annual oscillations are illustrated in the upper part and those obtained for the semiannual oscillations in the lower part, with the variations in amplitude plotted at the top, those in phase at the centre and those in period at the bottom, respectively. For the phase, the changes have a reference baseline of 365.25 days for the annual components and 182.625 days for the semiannual components. Each panel shows three curves, namely for the systems of IERS, GFZ and JPL. They are smoothed with a 5-point average.
In the same manner to the seasonal periodic LOD components, those of the
were processed with respect to the amplitude, phase and period variations. 
those in the IERS system, are also displayed. As in the previous figures, the results are depicted on the same time scale. Note that the number added to each ¡ (W) in the figures is to reflect the upper level in the atmosphere in hPa used in calculating the values. Thus, the NCEP Reanalysis results refer to two types including the atmosphere from the surface up to the 50 hPa and 10 hPa level, respectively, in the vertical for computing the wind term ¡ (W). This is done to assess better the impact of winds in the 50-10 hPa atmospheric layer to seasonal oscillations in LOD. Table 7 gives a summary of the range of the variations of the parameters amplitude, phase and period for the annual and semiannual components in LOD. The same is presented in Table 8 for 
Comparisons and discussion of the results
To compare the seasonal oscillations of the LOD and
data in the different systems, it is appropriate that we first compute the seasonal residual oscillations in terms of the difference series between the seasonal oscillations in the LOD systems and those in the
systems, respectively, over common time intervals. Then, using the residual oscillations together with the variations in amplitude, phase and period of the oscillations filtered out from the time series, we can compare, discuss and assess the LOD and
results relating to the different systems more easily.
LOD results
As difference series between the LOD results in the IERS, GFZ and JPL systems, the seasonal residual oscillations between the different LOD systems are derived over common intervals given in Table 9 . Figure 11 shows the seasonal residual oscillations between the different LOD systems. As in previous figures, the annual residual oscillations are displayed in the upper part and the semiannual residual oscillations in the lower part, with the top panel showing the component from IERS and JPL values, the middle panel that from IERS and GFZ values and the bottom panel that from JPL and GFZ values, respectively. Here, the curves of the difference series in the system of the IERS and GFZ and those in the system of the JPL and GFZ are illustrated for the three intervals with respect to the GFZ system (see Table 5 ). A comparison of the LOD results illustrated in Figures 7 and 11 reveals the role of the systematic errors. For the ranges of the seasonal variations in amplitude, phase and period including the standard errors of the estimates, see Table 7 . We shall discuss separately the annual and semiannual oscillations referred to the different systems:
(a) Annual LOD oscillations As the upper part of Figure 7 shows, there are similar variations with time in amplitude, phase and period of the annual oscillations of LOD in the IERS, GFZ and JPL systems. But, note in the top panel that the annual oscillation in the GFZ system is slightly larger than those in the IERS and JPL systems. Further, as can be seen in the middle and bottom panels, the phase and period curves in the GFZ system disagree with those in the other systems over the second half of the GFZ interval. Concerning the differences between the systems, the upper part of Figure 11 shows to which extent small significant annual residual oscillations exist. According to the top panel, the difference series between the IERS and JPL values is small with an amplitude of just 0.002 ms over the first third of the common interval and only 0.0002 ms over the two other thirds of the interval. In contrast, the residual oscillation in the IERS-GFZ system is characterized by an amplitude growing steadily with time (see the middle panel). Note the same for the residual oscillation in the JPL-GFZ system in the bottom panel. Numerically, the amplitude is between 0.006 ms at the beginning and 0.042 ms at the end of both series.
Next, we compare the middle and bottom panels of the upper part of Figure 11 : Since the residual oscillations computed from the values between the IERS and GFZ systems and those between the JPL and GFZ systems are similar in their variations with time, the obvious reason for this is the annual GFZ oscillation filtered out from the LOD series that comprises the two individual GFZ series (see Section 4.1.). Relating to the GFZ system-dependent intervals, we notice a systematic growth in amplitude over the interval of the mixed GFZ system. Possibly, this fact reflects an unmodelled part of the orbit node motion in deriving LOD data from GPS observations; see Section 3.1. and for more details the 1996 IERS Annual Report (IERS 1997 ) and the 1998 IERS Gazette, No 27 (IERS 1998).
(b) Semiannual LOD oscillations The lower part of Figure 7 shows the variations with time in amplitude, phase and period of the semiannual oscillations of LOD in the IERS, GFZ and JPL systems. Generally, there is good agreement in the variability of the parameters. In the top panel, the amplitude in the JPL system is somewhat smaller than that in the IERS system at the beginning of the JPL interval. The same applies to the amplitude in the GFZ system, where a small systematic difference is present over two-thirds of the GFZ interval. In the middle panel, the phase curve in the GFZ system differs from those in the IERS and JPL systems at the beginning and during the interval of the mixed GFZ system. On the contrary, the period curves in the three systems agree with each other extremely well (see the bottom panel).
The lower part of Figure 11 shows that the difference series obtained from the semiannual oscillations between the different LOD systems are significant residual oscillations like those at the annual frequency. In the top panel, we see that the curve in the IERS-JPL system has an amplitude of about 0.020 ms at the beginning. There is an amplitude decrease by 0.018 ms over a relatively short time. After that, the oscillation varies with an amplitude value of about 0.002 ms. Compared to the annual residual oscillation, the behaviour is analogous, but larger by an order of magnitude. The curve in the IERS-GFZ system plotted in the middle panel is rather similar to that in the JPL-GFZ system shown in the bottom panel. Note that there is a small beat effect in amplitude for both curves near 0.010 ms. As for the annual oscillation, we should notice that the cause for it is the LOD series in the GFZ system, from which the semiannual GFZ oscillation is filtered out. Seasonal LOD amplitude variations are also shown in Gross et al. (1996) . They agree well with our results at the semiannual frequency plotted at the top panel in the lower part of Figure 7 .
Finally, it is necessary to judge the LOD results in the different systems. According to the seasonal residual oscillations between the IERS and JPL systems, we can say that the seasonal oscillations in the IERS and JPL systems over the common interval are of the same quality, except at the beginning of the JPL interval, where the uncertainty of the LOD series computed by the JPL is better (see Section 3.1. and for the uncertainties deviations of the parameter estimates of the oscillations given in Table 7 , the systematic differences vary within the uncertainties calculated for the amplitude. Concerning the LOD results in the GFZ system, the systematic discrepancies to those in the IERS and JPL systems are visibly smaller over the interval of the old system than over the intervals of the mixed and new systems at the annual frequency. This differs from the behaviour at the semiannual frequency, where a small beat effect in amplitude over the total interval exists. Since the LOD (GFZ) series includes two independent solutions, it should be emphasized that the LOD results obtained from the LOD data in the old GFZ L04 system show clearly smaller systematic differences to the IERS and JPL oscillations on the annual scale (see Figure 11 and for the different systems and intervals Table 5 ). systems. Figure 13 shows the same as Figure 12 , but for the pressure term 
¡
(P+IB), except at the beginning of the NCEP interval. In case of the phase, there is a significant difference over two-thirds of the interval in the top and bottom panels, not but in the centre panel. In contrast to this, no obvious systematic differences exist for the period. We note that a pronounced parallelism of the amplitude, phase and period curves with time exists.
At the annual frequency, the systematic residual oscillations among the three
systems having the top level of the atmosphere in the GCMs at 10 hPa are shown in the upper part of Figures 12 to 15 . Here, the difference curve for the wind terms data in the UKMO system. As described in Section 3.2, the top level in the atmosphere used in computing the £ ¡ (W) term is about 25 hPa. We notice in Figure 8 that the amplitude of the annual UKMO oscillation is larger by 0.050 and 0.025 ms than that of NCEP Reanalysis and JMA, respectively, whereas, at the semiannual frequency, the UKMO amplitude is slightly smaller than those in the other systems. We may also consider the contribution of the stratospheric layer between the 50-and 10-hPa levels to seasonal oscillations of
in the NCEP Reanalysis system. Figure 8 shows that the annual amplitude of the wind term Figure 16 shows the annual contribution of the upper stratosphere between 50 and 10 hPa to the LOD excitation in the top panel and the semiannual contribution of the same layer in the bottom panel. Note that the amplitude is about 0.025 ms at the annual frequency and about 0.030 ms at the semiannual frequency. A comparison with Figure 6 shows that the annual impact is negative whereas the semiannual impact is positive.
Assessing the
results in the NCEP Reanalysis, JMA and ECMWF systems based on their intercomparisons, some points to note are as follows: There are significant differences between the seasonal oscillations referred to the three systems over the common intervals. Especially at the annual frequency, the amplitude values differ by 0.030 to 0.050 ms. Obviously, the agreement is better between the JMA and ECMWF results incorporating both wind and pressure terms ¡ (W)10 + ¡ (P) than between those of NCEP Reanalysis and JMA and of NCEP Reanalysis and ECMWF, respectively. On the other hand, at the semiannual frequency, the difference series between ¡ (W)10 + ¡ (P) in the NCEP Reanalysis and JMA systems has an amplitude of only about 0.015 ms. Accordingly, it is by 0.015 ms smaller than that from JMA and ECMWF estimates and also from NCEP Reanalysis and ECMWF estimates. This suggests a continuation of studies in the field.
In Section 6, the seasonal discrepancies in the solid Earth-atmosphere axial angular momentum budget computed Figure 23 shows the remainders referred to the
system of the UKMO with about 25-hPa top level. Unlike Figures 17 to 19 and 20 to 22, the annual curves are now given in the upper part and the semiannual curves in the lower part, with the three panels exhibiting the residual oscillations referred to the three LOD systems, namely the top panel relating to the IERS system, the middle panel relating to the GFZ system and the bottom panel relating to the JPL system. In Table  12 , the ranges of the variations in amplitude, phase and period including the standard deviations of the seasonal residual oscillations between the LOD data in IERS system and the ¦ § © P 5 8 7 @ 9 data in the NCEP Reanalysis, JMA, ECMWF and UKMO systems are compiled. In case of discontinuities existing in the residual oscillations, amplitude, phase and period estimates are computed using the input data without the discontinuities as for the component with the terms of } ¡ data in the NCEP Reanalysis, JMA and ECMWF systems with the same 10-hPa top level. Semiannual imbalances in the solid Earth-atmosphere axial angular momentum budget are indicated by significant residual oscillations that have an amplitude of 0.050 to 0.070 ms. In contrast to the annual residual oscillations, the semiannual curve referred to the NCEP Reanalysis system (top panel) is quite similar to that referred to the JMA system (middle panel) over the common interval. Moreover, both curves agree visibly better to that referred to the ECMWF system (bottom panel). As for the annual residual oscillations, a comparison of the curves for ¡ (W)10 + ¡ (P) shown in the upper part with those for ¡ (W)10 + ¡ (P+IB) in the lower part of each figure reveals the role of the IB response to the semiannual residual oscillations. Disregarding the time span before 1980, the semiannual oscillations inferred without IB effect have somewhat larger amplitudes than those inferred with IB effect. This behaviour is opposite to that obtained for the annual residual oscillations. As shown in the lower part of Figure 15 , the semiannual IB oscillation varies with an amplitude of only 0.015 ms.
Concerning the significance of the semiannual residual oscillations, no distinction between the results of NCEP Reanalysis and JMA should be made since both are in good agreement not only in amplitude but also in phase over the same interval. The much larger amplitudes of the semiannual residual oscillation of NCEP Reanalysis before 1980 in Figures  20 and 22 indicate that the uncertainty of the LOD data is larger during that period (see Table 2 ). 
